Specific formation of excitatory and inhibitory synapses is crucial for proper functioning of the brain. Fibroblast growth factor 22 (FGF22) and FGF7 are postsynaptic-cell-derived presynaptic organizers necessary for excitatory and inhibitory presynaptic differentiation, respectively, in the hippocampus. For the establishment of specific synaptic networks, these FGFs must localize to appropriate synaptic locations -FGF22 to excitatory and FGF7 to inhibitory postsynaptic sites. Here, we show that distinct motor and adaptor proteins contribute to intracellular microtubule transport of FGF22 and FGF7. Excitatory synaptic targeting of FGF22 requires the motor proteins KIF3A and KIF17 and the adaptor protein SAP102 (also known as DLG3). By contrast, inhibitory synaptic targeting of FGF7 requires the motor KIF5 and the adaptor gephyrin. Time-lapse imaging shows that FGF22 moves with SAP102, whereas FGF7 moves with gephyrin. These results reveal the basis of selective targeting of the excitatory and inhibitory presynaptic organizers that supports their different synaptogenic functions. Finally, we found that knockdown of SAP102 or PSD95 (also known as DLG4), which impairs the differentiation of excitatory synapses, alters FGF7 localization, suggesting that signals from excitatory synapses might regulate inhibitory synapse formation by controlling the distribution of the inhibitory presynaptic organizer.
INTRODUCTION
Alterations in the balance of excitatory and inhibitory inputs to a neuron might lead to various neurological and psychiatric disorders, such as autism, schizophrenia and epilepsy (Möhler, 2006; Rubenstein and Merzenich, 2003; Singer and Minzer, 2003; Wassef et al., 2003) . Thus, precise formation of excitatory and inhibitory synapses is crucial for proper brain function. Synapses form at sites where axons contact their target dendrites. Targetderived molecules play important roles in the differentiation of axons into functional presynaptic terminals (Fox and Umemori, 2006; Futai et al., 2013; Johnson-Venkatesh and Umemori, 2010; Missler et al., 2012; Siddiqui and Craig, 2011; Südhof, 2008) . We have identified such presynaptic organizers by performing unbiased biochemical purification from developing mouse brains (Umemori et al., 2004; Umemori and Sanes, 2008) . A group of molecules that we have identified belongs to the fibroblast growth factor (FGF) family, and we have shown that FGF22 and its close relatives FGF7 and FGF10 promote presynaptic differentiation in the cerebellum (Umemori et al., 2004) and at the neuromuscular junction (Fox et al., 2007) . Remarkably, in the hippocampus, FGF22 and FGF7 have distinct roles -FGF22 selectively promotes excitatory presynaptic differentiation, whereas FGF7 promotes inhibitory presynaptic differentiation (Terauchi et al., 2010) . The differentiation of excitatory or inhibitory nerve terminals on dendrites of CA3 pyramidal neurons is specifically impaired in mutants lacking FGF22 or FGF7, respectively, both in vitro and in vivo. Defects in excitatory and inhibitory presynaptic differentiation in FGF-knockout mice have a significant impact on brain function -FGF22-knockout mice are resistant to and FGF7-knockout mice are prone to epileptic seizures (Terauchi et al., 2010) .
How do FGF22 and FGF7 accomplish their different effects on excitatory or inhibitory synapses? We have found previously that the different effects are mainly achieved by their distinct synaptic localizations -FGF22 localizes to excitatory and FGF7 to inhibitory postsynaptic sites (Terauchi et al., 2010) . However, the molecular mechanisms by which these FGFs are selectively targeted to the specific type of synapses are unknown. A potential mechanism that operates fast and long-distance transport of molecules in neurons is intracellular transport by microtubule-dependent molecular motors such as the kinesin superfamily proteins (KIFs). The motor domain of KIFs binds to and moves along microtubules by ATP hydrolysis. The tail region of KIFs interacts with adaptor proteins, which recognize cargos containing specific molecules to be transported (Hirokawa et al., 2010; Hirokawa et al., 2009; Kardon and Vale, 2009; Millecamps and Julien, 2013 ). An appropriate combination of a motor protein and an adaptor protein appears to be important for accurate targeting of synaptic components (Dumoulin et al., 2009; Jeyifous et al., 2009; Setou et al., 2002; Terauchi and Umemori, 2012; Washbourne et al., 2004; Zheng et al., 2011) . Here, we examine how the two presynaptic organizers FGF22 and FGF7 are transported to the appropriate locations so that they act as synapsetype-specific organizing molecules. We identify a combination of distinct motor and adaptor proteins that contributes to selective synaptic targeting of FGF22 and FGF7. Time-lapse imaging shows that scaffolding proteins at excitatory or inhibitory synapses serve as adaptor proteins for each FGF. Our results demonstrate novel molecular mechanisms that ensure accurate targeting of the synapse-type-specific presynaptic organizers for the precise formation of excitatory and inhibitory synapses and for proper functioning of the brain. Finally, we provide data suggesting that excitatory synapses might send signals to regulate the localization of FGF7 in order to control the balance between excitatory and inhibitory synapse formation.
RESULTS

Synaptic targeting of the excitatory presynaptic organizer FGF22 requires KIF3A and KIF17 function
The excitatory presynaptic organizer FGF22 localizes to excitatory synapses in the hippocampus for its function (Terauchi et al., 2010) . To investigate the molecular 
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Journal of Cell Science (2015 Science ( ) 128, 281-292 doi:10.1242 mechanisms underlying the excitatory synaptic targeting of FGF22, we generated a fluorescently tagged FGF22 protein, FGF22-RFP. When transfected into cultured hippocampal neurons, FGF22-RFP colocalized with PSD95 (also known as DLG4), a scaffolding protein at excitatory synapses, and not with gephyrin, a scaffolding protein at inhibitory synapses (Fig. 1A) , indicating that FGF22-RFP is appropriately targeted to excitatory synapses. We first searched for molecular motors that are involved in the excitatory synaptic targeting of FGF22. We focused on four KIFs -KIF5, KIF3A, KIF17 and KIF21B, because these KIFs act as molecular motors for the intracellular transport of postsynaptic neurotransmitter receptors and/or are enriched in dendrites. KIF5 is involved in the transportation of the GABA A receptor, glycine receptor and AMPA receptor (Maas et al., 2006; Nakajima et al., 2012; Setou et al., 2002; Smith et al., 2006) ; KIF3A localizes to excitatory postsynaptic terminals and is involved in AMPA receptor transportation (Lin et al., 2012) ; KIF17 is a dendritic motor involved in NMDA receptor transportation (Jo et al., 1999; Setou et al., 2000) ; and KIF21B is highly enriched in dendrites (Marszalek et al., 1999) . To examine whether these KIFs are involved in FGF22 transport, we generated GFP-tagged dominant negative (DN) mutants for KIF5, KIF3A and KIF17, and short hairpin RNA (shRNA) for KIF21B (Labonté et al., 2013) . DN-KIFs, which are also known as 'headless' mutants, contain the cargo-binding domain and no motor domain (Chu et al., 2006; Falley et al., 2009; Sathish et al., 2009; Uchida et al., 2009) , and are mainly restricted to the cell body. The advantage of the headless approach is that they still bind to cargos and prevent compensatory transport by alternative systems. We introduced these constructs into cultured hippocampal neurons together with FGF22-RFP and examined the distribution and excitatory synaptic targeting of FGF22-RFP in the dendrites. In the control neurons, FGF22-RFP showed a punctate pattern of distribution in dendrites (Fig. 1B) and colocalized with vesicular glutamate transporter 1 (VGLUT1), the marker of excitatory presynaptic terminals, but not with vesicular GABA transporter (VGAT), the marker of inhibitory presynaptic terminals (Fig. 1C) , indicating that FGF22 preferentially localizes to excitatory synapses. The localization of FGF22-RFP as well as the size and density of FGF22-RFP puncta were maintained even when KIF5 function was disrupted by KIF5DN (Fig. 1B,C) . However, in neurons in which KIF3A or KIF17 function was disrupted (KIF3ADN or KIF17DN), FGF22-RFP showed a diffuse pattern of distribution, and the percentage of cells with FGF22-RFP puncta was dramatically decreased (Fig. 1D ). shRNA-mediated knockdown of KIF21B did not influence the pattern of FGF22-RFP distribution (Fig. 1E ) or its excitatory synaptic localization (Fig. 1F ). These results indicate that KIF3A and KIF17, and not KIF5 or KIF21B, are potential motors of FGF22 and contribute to the targeting of FGF22 to excitatory synapses.
Synaptic targeting of the inhibitory presynaptic organizer FGF7 requires KIF5 function
The inhibitory presynaptic organizer FGF7 localizes to inhibitory synapses in the hippocampus for its function (Terauchi et al., 2010) . The fluorescently tagged FGF7 protein FGF7-RFP was colocalized with gephyrin and not with PSD95 ( Fig. 2A) , confirming that FGF7-RFP is appropriately targeted to inhibitory synapses. To identify the molecular motors that contribute to the inhibitory synaptic targeting of FGF7, we examined the effect of KIF5DN, KIF3ADN, KIF17DN and shRNA for KIF21B on the distribution and synaptic localization of FGF7-RFP in cultured hippocampal neurons. Contrary to the case of FGF22, when KIF5 function was disrupted by KIF5DN, FGF7-RFP showed a diffuse pattern of distribution, and the percentage of cells with FGF7-RFP puncta was dramatically decreased relative to that of the control (Fig. 2B ). Remaining FGF7-RFP puncta were no longer preferentially localized at VGAT-positive inhibitory synapses (Fig. 2B ). By contrast, in neurons expressing KIF3ADN or KIF17DN, FGF7 still showed a punctate pattern, and there was no change in the percentage of cells with FGF7-RFP puncta compared to that of the control (Fig. 2C) . Interestingly, however, KIF3ADN and KIF17DN expression affected the size of FGF7-RFP puncta and the localization of FGF7-RFP to inhibitory synapses, respectively (Fig. 2C,D) . KIF21B knockdown did not affect the distribution and inhibitory synaptic localization of FGF7-RFP (Fig. 2E,F) . These results indicate that KIF5 is a crucial motor protein for the transport of FGF7 to inhibitory synapses and that KIF3A and KIF17 affect (probably indirectly; see Discussion) the accumulation and localization of FGF7 at inhibitory synapses.
FGF22 moves with SAP102, and FGF7 moves with gephyrin Molecular motors recognize various cargos through distinct adaptor proteins (Hirokawa et al., 2010) . We next searched for adaptor proteins involved in the transport of FGF22 and FGF7. Data are from 7-10 coverslips (12 mm diameter; 113.04 mm 2 ) from at least five independent experiments (B,D,E, for analysis of the percentage of cells with FGF22-RFP puncta), from 14-19 fields (222.856167.86 mm) from four to five independent experiments (for the size and density of FGF22-RFP puncta in B) and from 14-26 fields (159.896159.89 mm) from at least three independent experiments (C,F). Quantitative data show the mean6s.e.m.; ***P,0.001 (versus control; ANOVA followed by Tukey test). Scale bars: 10 mm.
Postsynaptic scaffolding proteins often serve as adaptor proteins for synaptic transportation of neurotransmitter receptors (Kneussel, 2005) . We thus focused on scaffolding proteins at excitatory and inhibitory synapses -PSD95, SAP102 (also known as DLG3) and gephyrin, which in fact act as adaptor proteins for glutamate receptors (PSD95 and SAP102), GABA A and glycine receptors (gephyrin) (Chen et al., 2012; Dumoulin et al., 2009; Lau and Zukin, 2007; Maas et al., 2006; Zheng et al., 2011) . To examine whether these scaffolding proteins act as adaptor proteins for FGF22 and FGF7, we performed live-imaging experiments with fluorescent-protein-tagged FGFs and scaffolding proteins. Because SAP102 and gephyrin bind to distinct motor proteins and do not traffic together (Dumoulin et al., 2009; Elias et al., 2008; Lau and Zukin, 2007; Murata and Constantine-Paton, 2013; Nakajima et al., 2012; Sans et al., 2003; Tyagarajan and Fritschy, 2014) , we used co-transportation of these two proteins as a control.
As shown in Fig. 3A ,B, 22.3964.8% (mean6s.e.m.) of moving SAP102 was moving with gephyrin, and 21.9164.3% of moving gephyrin was moving with SAP102. Thus, in our experiments, ,22% of co-transportation is considered as background. When neurons were co-transfected with SAP102 and FGF7, 30.5865.7% of SAP102 puncta were moving together with FGF7 puncta ( Fig. 3A ; not significantly different from SAP102-gephyrin cotransportation). Similarly, 20.9566.3% of gephyrin puncta were moving with FGF22 puncta ( Fig. 3B ; not significantly different from gephyrin-SAP102 co-transportation). By contrast, when hippocampal neurons were co-transfected with SAP102 and FGF22, we found that 73.3464.7% of SAP102 puncta were moving together with FGF22 ( Fig. 3A ; P,0.001 compared to SAP102-gephyrin co-transportation), and 52.9965.0% of FGF22 puncta were moving together with SAP102 puncta ( Fig. 3C ; P,0.001 compared to FGF22-gephyrin co-transportation). When hippocampal neurons were co-transfected with gephyrin and FGF7, 70.0966.9% of gephyrin puncta were moving with FGF7 puncta ( Fig. 3B ; P,0.001 compared to gephyrin-SAP102 co-transportation), and 50.8564.2% of FGF7 puncta were moving together with gephyrin puncta ( Fig. 3D ; P,0.001 compared to FGF7-SAP102 co-transportation). These results indicate that FGF22 preferentially moves with SAP102 and that FGF7 preferentially moves with gephyrin ( Fig. 3E ,F), suggesting that SAP102 and gephyrin serve as adaptor proteins for the transportation of FGF22 and FGF7, respectively. The average velocities of FGF22 and FGF7 puncta were 0.5260.058 mm/s and 0.5260.069 mm/s, respectively, which are consistent with KIF-dependent microtubule transport in dendrites (,0.3-0.8 mm/s; Adachi et al., 2005; Guillaud et al., 2003; Nakajima et al., 2012) .
To exclude the possibility that FGFs are transported along the plasma membrane, we tested whether these FGFs can be detected by immunostaining in the absence of detergent permeabilization. For this, we have transfected plasmid encoding FGF22-GFP or FGF7-GFP together with the mCherry plasmid (to identify transfected neurons) into cultured hippocampal neurons and stained them in the presence or absence of detergent; FGF22-GFP or FGF7-GFP was visualized by staining the neurons with the anti-GFP antibody followed by the Alexa-Fluor-647-conjugated secondary antibody, and not by the GFP fluorescence. FGF22 and FGF7 staining was only detected in the presence of detergent (supplementary material Fig. S1 ), suggesting that FGFs are indeed transported by intracellular transport, rather than along the plasma membrane.
SAP102 is crucial for the excitatory synaptic targeting of FGF22
Live-imaging analysis showed that FGF22, which localizes to excitatory synapses (Fig. 1A ,C,F; Terauchi et al., 2010) , preferentially moves with SAP102. We next examined whether SAP102 is necessary for the synaptic targeting of FGF22. For this, we silenced SAP102, PSD95 and gephyrin using shRNA, and analyzed the distribution and excitatory synaptic targeting of FGF22 in cultured neurons. shRNA constructs that we generated effectively reduced the amount of corresponding scaffolding proteins in hippocampal neurons as assessed by immunostaining (Fig. 4A ). FGF22-GFP showed a punctate pattern of distribution in control shRNA-transfected neurons (Fig. 4B,C) . This pattern was maintained in gephyrin-knockdown neurons and PSD95-knockdown neurons (Fig. 4B,C) . The size, number and intensity of FGF22-GFP puncta in gephyrin-and PSD95-knockdown neurons were virtually the same as those in control neurons (Fig. 4D ). In addition, FGF22-GFP still preferentially localized to glutamatergic and not GABAergic synapses in gephyrin-and PSD95-knockdown neurons (Fig. 4E) . Thus, gephyrin and PSD95 are not necessary for the targeting of FGF22 to excitatory synapses. By contrast, in SAP102-knockdown neurons, FGF22-GFP showed a diffuse pattern of distribution, and the percentage of cells with FGF22-GFP puncta was dramatically decreased relative to that of the control (Fig. 4B,C) . These results suggest that SAP102 plays crucial roles in the synaptic targeting of FGF22.
Gephyrin is crucial for the inhibitory synaptic targeting of FGF7
Live-imaging analysis showed that FGF7, which localizes to inhibitory synapses ( Fig. 2A ,B,D,F; Terauchi et al., 2010) , preferentially moves with gephyrin. To address whether gephyrin is necessary for the synaptic targeting of FGF7, we analyzed FGF7 distribution in the absence of gephyrin. In control shRNA-transfected neurons, FGF7-GFP showed a punctate pattern of distribution (Fig. 5A,B) , localizing at inhibitory synapses (Fig. 5D) . However, when gephyrin was knocked down, FGF7-GFP showed a diffuse pattern of distribution, and the percentage of neurons with FGF7-GFP puncta was markedly decreased (Fig. 5A,B) . These results indicate that gephyrin plays a crucial role in FGF7 targeting.
Knockdown of SAP102 or PSD95 affects the localization of FGF7 to inhibitory synapses When SAP102 or PSD95 was knocked down, there was no significant effect on the percentage of neurons with FGF7-GFP puncta (Fig. 5A,B) , which is consistent with our live-imaging results that FGF7 does not preferentially move with SAP102 or PSD95 (Fig. 3D) . However, we noticed that SAP102 knockdown significantly increased the size of FGF7-GFP puncta relative to that of the control, without changing their density (Fig. 5C) . Those large FGF7-GFP puncta were mostly localized in the main dendrite and not in the branch (supplementary material Fig. S2 ). We hence examined the possibility that the synaptic localization of FGF7 might be altered in SAP102-knockdown neurons. In control shRNA-transfected neurons, FGF7-GFP localized to inhibitory and not excitatory synapses (Fig. 5D) . By contrast, significantly less FGF7-GFP localized to inhibitory synapses in SAP102-knockdown neurons (Fig. 5D) . Interestingly, a similar decrease in the inhibitory synaptic localization of FGF7-GFP was also found in PSD95-knockdown neurons (Fig. 5D ). There was no increase in the excitatory synaptic localization of FGF7-GFP in SAP102-and PSD95-knockdown neurons (Fig. 5D) . These results indicate that in the absence of SAP102 or PSD95, FGF7 . All quantitative data show the mean6s.e.m.; **P,0.01; ***P,0.001; n.s., not significant (ANOVA followed by Tukey test). (E,F) Representative time-lapse images of FGF22-RFP and GFP-SAP102 (E) and FGF7-RFP and GFP-gephyrin (F). Arrowheads indicate a co-transported punctum. Scale bars: 5 mm.
localizes to non-synaptic domains rather than inhibitory synapses. This alteration might be an indirect effect of SAP102 or PSD95 knockdown, because SAP102 or PSD95 does not appear to be an adaptor for FGF7 transport (Fig. 3A,D) . Given that SAP102 and PSD95 have clear roles in excitatory synaptic differentiation (Ehrlich et al., 2007; Elias et al., 2008; Elias and Nicoll, 2007; Murata and Constantine-Paton, 2013; Zheng et al., 2011) , the change in the FGF7 localization in SAP102-and PSD95-knockdown neurons might be a consequence of impaired excitatory synaptic differentiation (see Discussion).
DISCUSSION
Synaptic organizers such as FGFs, neuroligins, Ephs/ephrins, WNTs, SynCAMs, netrin-G ligands (NGLs), leucine-rich repeat transmembrane proteins (LRRTMs) and signal regulatory proteins (SIRPs) play crucial roles in the organization of synaptic connections , 2005) . For the establishment of specific synaptic networks in the brain, synapse-type-specific organizers must localize to appropriate synaptic locations for their function. Here, we identified the molecular mechanisms underlying the transportation of the excitatory and inhibitory presynaptic organizers FGF22 and FGF7 to their appropriate synaptic sites. We found that the transport complexes for FGF22 and FGF7 consisted of distinct molecular motor and adaptor proteins. Our results reveal the basis of selective targeting of excitatory or inhibitory synapse-specific synaptic organizers that supports their different synaptogenic functions. This also implies that, depending on their function, two molecules in the same family can be transported to distinct locations by a specific combination of motor proteins and adaptor proteins. For the excitatory presynaptic organizer FGF22, we found that motor proteins KIF3A and KIF17 and a scaffolding protein at excitatory synapses, SAP102, contribute to the targeting of the protein to excitatory synapses. Accumulating data suggest that KIF3A, KIF17 and SAP102 are involved in the early stage of excitatory synapse formation: (1) KIF3A appears to transport the GluR2 subunit to newly formed dendritic processes after lightinduced retinal degeneration (Lin et al., 2012) ; (2) KIF17 transports NMDA receptors containing the GluN2B subunit (Setou et al., 2000) , which is the dominant GluN2 subunit in the early stage of synaptic development (Bellone and Nicoll, 2007) ; and (3) SAP102 is expressed earlier than PSD95 (Elias et al., 2008; Sans et al., 2000) and has a role in trafficking and anchoring of the GluN2B subunit to immature synapses (Washbourne et al., 2004) . As synaptogenesis proceeds, SAP102-dependent functions are shifted to PSD95-dependent functions, including an increase in the number of synaptic AMPA receptors and a switch of the NMDA receptor subunit from GluN2B to GluN2A (Elias et al., 2008; Sanz-Clemente et al., 2013) . The use of KIF3A, KIF17 and SAP102, and not PSD95, for FGF22 targeting is consistent with the function of FGF22 during the early stage of synaptogenesis; both in vitro and in vivo, FGF22 is important for the initial formation of excitatory synapses in the hippocampus (Terauchi et al., 2010; Toth et al., 2013) . The dependence of FGF22 targeting on SAP102 might contribute to the temporal specificity of FGF22 function. Note that in our experiments, ,30% of cells expressing KIF3ADN or KIF17DN still had FGF22 puncta, which could be due to imperfect suppression of KIFs or functional redundancy among KIF proteins. In the experiments described in Fig. 1D , KIFDNs were expressed for just 2 days, as longer expression of KIFDNs eventually affected the viability of the cells. Thus, it is possible that the suppression by KIFDNs was not perfect. Also, as both KIF3A and KIF17 contribute to FGF22 transportation, these KIFs might have redundant functions. In addition, our results show that 52.9965.01%, and not 100%, of FGF22 moves with SAP102 (Fig. 3C ). This might be because there are additional adaptor proteins for FGF22.
In the case of the inhibitory presynaptic organizer FGF7, we found that the motor protein KIF5 and gephyrin, a scaffolding protein at inhibitory synapses, have crucial roles in transport to inhibitory synapses. KIF5 conveys many synaptic cargos (Hirokawa et al., 2009) , including those targeted to inhibitory synapses as well as excitatory synapses. KIF5 transports GABA A receptors in cortical neurons by binding to Huntingtin-associated protein 1 (HAP1) (Twelvetrees et al., 2010) and in hippocampal neurons by binding to GABA A R-associated protein complexes (Nakajima et al., 2012) . KIF5 also transports glycine receptors by binding to gephyrin Maas et al., 2006) . At the same time, KIF5 transports the AMPA receptor subunit GluA2 with HAP1 towards excitatory synapses (Mandal et al., 2011) . Therefore, for the inhibitory synaptic targeting of FGF7, gephyrin seems to be the essential component of the transport complex that gives specificity to travel to the inhibitory synapse.
KIFs are microtubule-dependent molecular motors that convey various synaptic cargos (Hirokawa and Noda, 2008; Hirokawa et al., 2009) . KIF-mediated transport of membrane or secreted molecules in dendrites is relatively rapid, ranging from 0.3 mm/s to 0.8 mm/s. For example, the velocity of KIF17 during GluN2B transport is 0.76 mm/s (Guillaud et al., 2003) and that of KIF5A is 0.33 mm/s during the transport of GABA A receptors (Nakajima et al., 2012) . Brain-derived neurotropic factor (BDNF) is transported at 0.47 mm/s (Adachi et al., 2005) . Our liveimaging experiments also showed rapidly moving transport puncta of FGF22-RFP and FGF7-RFP; the average velocity was 0.5260.058 mm/s for FGF22-RFP and 0.5260.069 mm/s for FGF7-RFP. These velocities are consistent with the speed of KIF-dependent transport in dendrites, supporting the notion that microtubule-based transport operates the intracellular delivery of FGF22 and FGF7. Once these FGFs are transported to the synaptic regions, where actin filaments are the major cytoskeletal structure, actin-based transport by myosins might take over for the final delivery of FGFs to the surface of postsynaptic terminals (Hirokawa et al., 2010; Kneussel and Wagner, 2013 ).
An interesting question is how FGF22-and FGF7-harboring secretory vesicles are recognized by their specific adaptors. Given that FGF22 and FGF7 differ in their N-terminal sequence, it is possible that the N-terminal domains contain the signal for Fig. 4 . SAP102 is required for the targeting of FGF22 to excitatory synapses. (A) Silencing of gephyrin, PSD95 and SAP102 by shRNA. Lower panels, cultured hippocampal neurons were transfected with plasmids encoding GFP-gephyrin and gephyrin shRNA (left), PSD95-GFP and PSD95 shRNA (middle) or GFP-SAP102 and SAP102 shRNA (right) at 3 DIV. Upper panels, control cultures were transfected with the plasmids encoding control shRNA and each fluorescently tagged scaffolding protein.
Neurons were fixed at 5 DIV. The total GFP intensity in the transfected cells (shown as a percentage of the intensity in controls) was analyzed and is shown in the graph. All three shRNAs effectively inhibited the expression of corresponding scaffolding proteins (to ,25% of their expression in controls). (B-E) Cultured hippocampal neurons were transfected with the plasmid encoding FGF22-GFP together with the plasmid encoding either control shRNA, gephyrin shRNA, PSD95 shRNA or SAP102 shRNA at 3 DIV. Neurons were fixed, stained and analyzed at 7 DIV. (B) Representative images of FGF22-GFP distributions in shRNA-transfected neurons. Highermagnification views of the boxed areas are shown in the lower panels. (C) Percentages of neurons with a punctate pattern of FGF22-GFP. SAP102 knockdown decreases the percentage of neurons with FGF22-RFP puncta. (D) Quantification of the size, density and intensity of FGF22-GFP puncta in control, gephyrin-knockdown and PSD95-knockdown neurons. Gephyrin or PSD95 knockdown does not significantly affect the size, density or intensity of FGF22-GFP puncta. (E) Transfected neurons were stained for VGLUT1 or VGAT. Percentages of FGF22 puncta colocalizing with VGLUT1 puncta or VGAT puncta are shown in the graphs to the right of the images. Silencing gephyrin or PSD95 does not alter the targeting of FGF22 to excitatory synapses. Data are from 9-12 coverslips (12 mm diameter; 113.04 mm2) from at least three independent experiments (C) or 14-16 fields (113.04 mm2 for D; 159.896159.89 mm for E) from at least four independent experiments (D,E). All quantitative data show the mean6s.e.m.; ***P,0.001 (versus control; ANOVA followed by Tukey test). Scale bars: 10 mm.
differential targeting, and we are testing this possibility. The FGF22-and FGF7-containing vesicle each would have its own 'tag' on its surface to be recognized by the appropriate adaptor protein. In the case of the neurotrophic factor BDNF, the protein is stored in a vesicle containing a membrane protein, synaptotagmin-IV (Dean et al., 2009 ). Synaptotagmin-IV regulates BDNF secretion from the vesicles, and it appears to contribute to the specific targeting of BDNF-harboring vesicles (Dean et al., 2009; Dean et al., 2012) . Similar membrane molecules might function as 'tags' for FGF22-and FGF7-containing vesicles.
An additional interesting finding from our study is that the extent of localization of FGF7 to inhibitory synapses was decreased in (C) Quantification of the size and density of FGF7-GFP puncta in control, PSD95-knockdown and SAP102-knockdown neurons. In SAP102-knockdown neurons, FGF7-GFP puncta were larger in size than in control neurons, with no change in the puncta density. (D) Transfected neurons were stained for VGLUT1 or VGAT. Percentages of FGF7 puncta colocalizing with VGLUT1 puncta or VGAT puncta are shown in the graphs. Silencing PSD95 or SAP102 decreased FGF7 localization to inhibitory synapses without increasing its localization to excitatory synapses. Data are from 13-17 coverslips (12 mm diameter; 113.04 mm 2 ) from at least five independent experiments (A-C) or 18-29 fields (159.896159.89 mm) from at least four independent experiments (D). All quantitative data show the mean6s.e.m.; ***P,0.001 (versus control; ANOVA followed by Tukey test). Scale bars: 10 mm.
SAP102-and PSD95-knockdown neurons (Fig. 5D) . Our liveimaging experiments suggest that SAP102 and PSD95 are not the adaptors for FGF7 transport (Fig. 3B,D,F) , and indeed, in SAP102-and PSD95-knockdown neurons, we still found a punctate pattern of FGF7 in the dendrite (Fig. 5A,B) . Thus, SAP102 and PSD95 appear to indirectly affect the targeting of FGF7 to inhibitory synapses or its retention at the synapses. In addition, in neurons in which KIF3A or KIF17 function was disrupted, the size of FGF7 puncta or localization of FGF7 to inhibitory synapses was also decreased (Fig. 2C,D) . What is common regarding the function of SAP102, PSD95, KIF3A and KIF17 is that they are all involved in the development of excitatory synapses; SAP102 and PSD95 are scaffolding proteins at excitatory synapses and are crucial for their differentiation (Ehrlich et al., 2007; Elias et al., 2008; Elias and Nicoll, 2007; Murata and Constantine-Paton, 2013; Zheng et al., 2011) , and KIF3A and KIF17 are involved in AMPA and NMDA receptor transportation (Jo et al., 1999; Lin et al., 2012; Setou et al., 2000) . We also found that SAP102 is an adaptor for the targeting of FGF22 to excitatory synapses (Fig. 3A,C,E; Fig. 4 ) and that KIF3A and KIF17 are involved in the excitatory synaptic targeting of FGF22 (Fig. 1D) . Therefore, it is reasonable to speculate that the change in FGF7 localization in SAP102-, PSD95-, KIF3A-or KIF17-inactivated neurons is the consequence of changes in excitatory synaptic differentiation to control the balance between excitatory and inhibitory synapses. In fact, FGF7-dependent inhibitory synapse formation begins after excitatory synapses start to form during development (Terauchi et al., 2010) . Our results suggest the interesting possibility that excitatory synapses, once formed, might send signals to promote the targeting of FGF7 to nascent inhibitory synapses to regulate inhibitory synapse formation.
MATERIALS AND METHODS
Primary neuronal cultures and transfection
Dissociated hippocampal cultures were prepared from postnatal day (P)0-P1 mice (C57/BL6) as described previously (Terauchi et al., 2010) . All animal care and use was in accordance with the institutional guidelines and approved by the Institutional Animal Care and Use Committees at Boston Children's Hospital and University of Michigan. ) were plated on poly-D-lysine-coated glass coverslips (12 mm diameter) or glass-bottomed dishes with a 14-mm glass coverslip (MatTek Corporation), and maintained in neurobasal medium with B27 supplement (Invitrogen). Neurons were transfected by using the calcium phosphate method (CalPhos Mammalian Transfection Kit, Clontech) at 1-7 days in vitro (DIV) with 1-4 mg of plasmids per coverslip for 1 h. The transfected cells were analyzed at 5-8 DIV.
DNA constructs
Expression plasmids for FGF22-GFP and FGF7-GFP were generated by subcloning the full-length mouse Fgf22 and Fgf7 cDNA (minus the stop codon) into the XhoI-SacII or NheI-XhoI sites of pEGFP-N1 (Clontech) in frame, respectively. Expression plasmids for FGF7-RFP and FGF22-RFP were generated by ligating the full-length mouse Fgf cDNA (minus the stop codon) with the DsRed2 or mCherry cDNA (Clontech) in frame and then subcloning the resultant Fgf-RFP cDNA into the XhoI-NotI or NheI-NotI sites of pEGFP-N1 (Clontech). Expression plasmids for GFPgephyrin and GFP-SAP102 were generated by subcloning the full-length mouse gephyrin (amplified by RT-PCR from mouse brain) or SAP102 cDNA (from Open Biosystems) in frame into the XhoI-SacII sites of pEGFP-C2 (Clontech). Expression plasmids for RFP-gephyrin and RFP-SAP102 were generated by ligating the mCherry cDNA with the gephyrin or SAP102 cDNA in frame and then subcloning the ligated cDNA into the XhoI-NotI sites of pEGFP-C2. The expression plasmid for PSD95-GFP was generated by subcloning the full-length rat PSD95 cDNA (a gift from John Woodward, Medical University of South Carolina) into the EcoRI-KpnI sites of pEGFP-N1 in frame. Gephyrin, PSD95 and SAP102 shRNA knockdown plasmids were created by inserting the corresponding oligonucleotides into the HuSH shRNA vector (pRFP-C-RS, OriGene). The following sequences encoding the shRNA were used: gephyrin, 59-GCCAGCTCTACCTCATGCCATT-GACCTTT-39; PSD95, 59-GCCTTCGACAGGGCCACGAAGCTGGA-GCA-39; and SAP102, 59-CAAGTCCATTGAAGCACTTATGGAA-ATG-39. Knockdown efficiency was examined by transfecting shgephyrin and GFP-gephyrin, shPSD95 and PSD95-GFP, or shSAP102 and GFP-SAP102 plasmids into cultured hippocampal neurons and quantifying the reduction of total GFP fluorescence relative to that in control shRNA-transfected neurons (Fig. 4A) . Dominant negative (DN) forms of KIF5, KIF3A and KIF17 were designed to lack the motor domain but still bind to their cargos. The expression plasmid for KIF5DN was as described previously (Falley et al., 2009) . Expression plasmids for KIF3ADN and KIF17DN were generated by subcloning a mutant form of human KIF3A or human KIF17 cDNA into the EcoRI-SalI sites of pAcGFP-C1 (KIF3ADN) or pAcGFP-C2 (KIF17DN) (Clontech). Primers used for generating the mutant form of KIF3ADN were 59-CGTGCTAAGAATTCTAAAAAT-39 and 59-GTACCGTCGACTTACTGCAG-39, and those of KIF17DN were 59-CCAAGGAATTCAGGAACAAGCC-39 and 59-GGGTCGACT-AGTTCTAGAGC-39. KIF3A forms heterodimers with KIF3B (Yamazaki et al., 1995) and KIF5s do so within their family (Hirokawa and Noda, 2008) . However, because KIFs restrict their dimerization to within their individual class, they are unlikely to cross-react with each other.
The KIF21B-knockdown plasmid was constructed with pSuper-neo-GFP (OligoEngine) with the following sequence encoding the shRNA: 59-CCACGATGACTTCAAGTTC-39. The scrambled sequence for control shRNA was: 59-GCGCGCTTTGTAGGATTCG-39. The knockdown efficiency was verified by a massive reduction in the amount of KIF21B as shown by immunostaining and western blotting (Labonté et al., 2013) .
Immunocytochemistry
Cultured neurons were fixed with 3% paraformaldehyde (PFA) for 10 min at 37˚C and blocked in 2% BSA, 2% normal goat serum and 0.1% Triton X-100 for 1 h, followed by incubation with primary antibodies overnight at 4˚C. Secondary antibodies were applied for 1 h at room temperature, and samples were mounted with p-phenylenediamine. Dilutions and sources of antibodies used are as follows: chicken anti-GFP (1:500, Millipore; or 1:2500, Aves Labs), mouse anti-GFP (clone 3E6, 1:100, Millipore), rabbit anti-DsRed and mouse anti-DsRed (1:500 and 1:600, Clontech), anti-PSD95 (clone K28/43, 1:250, NeuroMab), anti-gephyrin (clone mAb7a, 1:150, Synaptic Systems), anti-VGAT (1:1500, Synaptic Systems) and anti-VGLUT1 (1:5000, Millipore).
Imaging
An epifluorescent microscope (Olympus, BX61) was used to acquire 12-bit images with 206and 406objectives and F-View II CCD camera (Soft Imaging System) at a resolution of 137661032 pixels. Alternatively, images were acquired on confocal microscopes (Olympus, FV1000 and Zeiss LSM 700) using 406and 606objectives with 1.06or 1.56zoom at a resolution of 102461024 pixels. For each experiment, all images were acquired with identical settings for the laser power, detector gain and amplifier offset. Confocal images were acquired as a z-stack (10-15 optical sections, 0.5-mm step size). For quantification, neurites or fields (222.856167.86 mm for pictures taken with Olympus BX61, 317.136158.5 mm for pictures taken with Olympus FV1000 and 159.896159.89 mm for pictures taken with Zeiss LSM 700) were randomly selected and thresholded (the intensity of the dendritic shaft in control cultures was calculated as the background fluorescence), and the average size, density (per length) and average intensity of puncta were quantified with MetaMorph Software. MetaMorph Software was also used for determining the colocalization indices. Images of single fluorescence channels were thresholded and binarized, and an object was considered to colocalize with another object if its area overlapped with the signal in the second channel.
Imaging was conducted on a Nikon Eclipse Ti microscope using a 606 Nikon Plan Apo VC oil objective lens at a resolution of 139261040 pixels. Fluorophores were excited using a Lambda XL lamp (Sutter Instrument) together with detection filters specific for GFP (GFP-L HYQ, Nikon) and mCherry (TX RED HYQ, Nikon). During the imaging, MatTek dishes were incubated in a stage top incubator (TOKAI HIT). Images (149.636111.80 mm) were collected every 5 s, with each scan time no longer than 800 ms. For dual-color imaging, each color image was collected sequentially to avoid bleed-through. Images were acquired with a CoolSNAP HQ CCD camera (Photometrics), and quantified using NIS-Elements Software (Nikon). For the analysis, puncta in dendrites were observed for 45 s. Puncta moving for the entire 45 s were defined as moving puncta. For the quantification of puncta colocalization, an object was considered to colocalize with another object if .25% of its area was covered by the signal in the second channel. Two puncta were considered to be moving together if they were traveling along the dendrite together for 45 s. For the velocity analysis, a detection filter for mCherry was used to detect FGF7-RFP and FGF22-RFP puncta. The total distances that they moved in 45 s were quantified, and the distance per second was calculated as their velocity.
